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Abrasive flowmachining has been the pioneer of new finishing processes. Rotating workpiece and impos-
ing a magnetic field using magnetorheological working medium are some assisting manipulations to
improve surface finishing, because they can increase the forces on the workpiece surface. Similarly, swir-
ling the inlet flow using stationary swirler vanes, as a novel idea, may also increase forces on the surface,
and then raise the material removal, with a lower expense and energy consumption compared with the
case of workpiece rotation. Thus, in this paper, surface roughness improvement is studied in a pipe with
rotating inlet flow of a magnetorheological finishing medium under imposing a magnetic field. The
results are compared with the case of rotating workpiece, using 3D numerical simulation. The governing
hydrodynamic parameters are investigated in both cases to monitor the flow variations. It is shown that
surface roughness is improved by rotating inlet flow. However, it is found that finishing in the entrance
length of swirling-assisted inlet flow can be so economical for short length workpieces, compared with
the case of rotating workpiece, with very near Ra values. By comparison of the numerical results and pub-
lished experimental data, current study also shows the ability of the numerical simulation, as an inexpen-
sive and efficient tool, to predict the surface roughness changes in finishing processes.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Fine surface of the order of nanometer roughness, nowadays,
is a main requirement of many industries, such as electronics
and medics. Surface finishing, accordingly, is a main process of
production. Many efforts have been conducted to improve surface
roughness with achieving uniform peak and valley distribution.
Traditional machining methods have certain deficits to provide
surfaces with very low profile height [1]. They become too expen-
sive and time-consuming with extra decreasing surface rough-
ness. They are further geometry-dependent and they lose their
feasibility against complex shapes due to their one-directional
finishing movement. Thus, some advanced finishing approaches,
such as abrasive flow machining (AFM) [2], based on the
abrasive-laden medium passed through the workpiece conduit
or fixture assembly, were introduced to respond to the increasing
demand of the industries. The abrasive particles suspended in the
base flow of AFM act as multi-movement and multi-cutting edges
affecting the roughness peak. To make AFM more controllable,
the magnetorheological flow finishing (MRF) [3] was furtherintroduced. The working medium, called magnetorheological
(MR) fluid, lies in the class of smart fluids which may control
by imposing an external energy field [4]. For finishing purposes,
typical MR fluids contain micro-sized abrasive and ferromagnetic
particles, as well as, a base medium of paraffin and grease oil [5].
Accordingly, MRF hires an external magnetic field that provides
higher normal and tangential forces on the finishing surface
through ferromagnetic particles. In the presence of a magnetic
field, MR fluids present viscoplastic behavior, as non-newtonian
fluids [5].
In addition to more control on the MRF process compared to
AFM, MRF provides more material removal [6]. Magnetic field
strength is a main parameter for MRF. In the absence of a magnetic
field, abrasives and magnetic particles pass through the surface
without considerable finishing action, because of missing particle
chain structure [7]. Genc and Phule [8] studied the effect of mag-
netic field on the material removal. Increasing magnetic field
strength raises the material removal up to a threshold, where
material removal remains constant due to saturation of the ferro-
magnetic particles. The larger particles need larger magnetic
strength to saturate in comparison with the smaller ones. Jha
and Jain [9] simulated MRF for a stainless steel flat surface. It
was illustrated that material removal rate decreases as the size
of abrasives mitigates, due to a decrement in indentation force
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roughness using finite element method. They declared that the
magnetic strength affects both surface roughness and material
removal, but by a highlighted influence on the material removal.
To prove the ability of MRF for finishing and manufacturing com-
plex surfaces, Seok et al. [11] experimented a curvature surface
made of silicon. They removed abrasive particles from the medium
and used the ferromagnetic particles as abrasives. Sankar et al. [12]
introduced a new finishing process on the basis of MRF, named
R-MRF, in which the workpiece was rotated by an electromotor.
They illustrated that by increasing the angular velocity, the helix
angle, helical path of particles and material removal rate increase.
Das et al. [13] also used this approach and showed that R-MRF pro-
duces better surface quality compared with MRF for stainless steel
and brass workpieces. Further, they showed that both MRF and
R-MRF are less-efficient to finish the magnetic workpieces com-
pared with those of non-magnetic materials. In the other work
[14], they studied the stresses on internal surface of a cylindrical
workpiece during MRF process via a 2D-CFD work. They used
Bingham plastic model and presented a good match between the
numerical results and experimental data. R-MRF was also used
for the external surface of a workpiece; Kumar et al. [15] finished
a knee implant merged in the internal flow of a pipe. The surface
curvature and extraction pressure were two governing parameters.
Increasing extraction pressure upper than a threshold leads to
destruction of abrasive chain structure which decreases the mate-
rial removal rate.
Rheological properties of MR fluids under various working con-
ditions are important in MRF systems. Jha and Jain [16] illustrated
that rheological properties of MR fluids vary in the presence of a
magnetic field due to cross-linked columnar structures of
ferromagnetic particles. The rheological properties are further
dependent on the size and volume fraction of abrasive and ferro-
magnetic particles suspended in the base fluid; an increase in the
size of particles leads to yield stress increment of the medium
[16] due to better putting the larger particles into the chain struc-
tures [17]. Jha and Jain also showed that Herschel–Bulkley and Cas-
son’s fluid constitutive models can fit the rheological properties
more accurately in comparison with the other models. They also
presented the constants of the preceding models versus magnetic
field strength for the medium of paraffin and grease suspended
by silicon carbide (SiC) and carbonyl iron (CI) particles. Showing
a minor deviation from experimental data, Ajay et al. [18] proposed
Herschel–Bulkley model to predict visco-plastic MR fluid proper-
ties. They showed that imposing the magnetic field may result in
an increment of 90 percent in yield stress and 50 percent in viscos-
ity of the abrasive medium.
As obvious from above statements, efficient and fast MRF pro-
cess is the main goal of many researches. This can be achieved
by increasing the normal forces on the surface in some processes,
such as those aided by workpiece rotation. Similarly, swirling the
inlet flow may also increase forces on the surface, and then raise
the material removal, with a lower expense and energy consump-
tion compared with the case of workpiece rotation, especially at
the entrance length. Accordingly, in the current study, the forces
and stresses on the workpiece surface produced by an MR abrasive
fluid, assisted with inlet swirling, are calculated using 3D-CFD.
Numerical simulation is so rare in this field. It is shown that CFD
can be an inexpensive and efficient tool to predict the main param-
eters. The roughness improvement will be compared with the case
of workpiece rotation by varying the governing parameters, such
as inlet Reynolds number, magnetic field strength and inlet flow
swirling using Herschel–Bulkley viscoelastic non-newtonian vis-
cosity model.Governing equations and forces
In the current study, Eulerian–Eulerian approach, which math-
ematically considers all the phases continuous, is employed. The
continuity and momentum equations are solved for the mixture.
Volume fraction equations and the algebraic relative velocities
are also used to describe the dispersed phases. Although some
researchers still tend to use a single-phase model for the computa-
tional simulation of such complex flows [19–21], the current inves-
tigation uses the mixture model due to consideration of all the
phases with the whole details, as one of the novelty of this work.
The continuity equation is described as below,
@
@t
ðqmÞ þ rðqm~vmÞ ¼ 0; ð1Þ
where ~vm is the mass-averaged velocity,
~vm ¼
Pn
k¼1akqk~vk
qm
; ð2Þ
and qm is the mixture density,
qm ¼
Xn
k¼1
akqk: ð3Þ
In Eqs. (2) and (3), ak is the volume fraction for the phase k.
The momentum equation is obtained by summation of forces
for the whole phases. This equation can be presented as,
@
@t
ðqm~vmÞ þ rðqm~vm~vmÞ ¼ rpþr lm r~vm þr~vTm
  
þ qm~g þ~F
þr
Xn
k¼1
akqk~vdr;k~vdr;k
 !
; ð4Þ
where n is the phase number,~F is the body force and lm is the mix-
ture viscosity described as below,
lm ¼
Xn
k¼1
aklk: ð5Þ
Further, ~vdr;k is the drift velocity for the secondary phase of k,
which is
~vdr;k ¼ ~vk ~vm: ð6Þ
The relative velocity is defined as the difference between the
velocity of the secondary (p) and primary (q) phases, described
by an algebraic relation here [22],
~vpq ¼ ~vp ~vq ¼ spf drag
ðqp  qmÞ
qp
~a; ð7Þ
where f drag is the drag force and~a is the particle acceleration of the
secondary phase described as,
~a ¼~g  ð~vmrÞ~vm  @
~vm
@t
ð8Þ
sp is the particle relaxation time as the following,
sp ¼
qpd
2
p
18lp
; ð9Þ
where dp is the particle diameter. The relation between relative and
drift velocity can be written as,
~vdr;p ¼ ~vpq 
Xn
k¼1
ck~vqk; ð10Þ
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ck ¼ akqkqm
: ð11Þ
For calculating the mass fraction, mixture density (qm), com-
puted by Eq. (3), and volume fraction (ak) and density (qk) for each
phase which are obvious according to the section 3, are substituted
in Eq. (11). From the continuity equation of the secondary phase
(p), one can derive the volume fraction equation. This is
@
@t
ðapqpÞ þ rðapqp~vmÞ  rðapqp~vdr;pÞ 
Xn
q¼1
ð _mqp  _mpqÞ
¼ 0: ð12Þ
There are some forces in the current simulation that should be
considered. Due to the difference velocity between the particle and
flow that results in the drift velocity, a force based on unbalanced
pressure distribution is applied in the particle surface, called Drag
force [23]. For the spherical particles, it has been shown that Schil-
ler–Naumann model [24] presents good results. The model is
f drag ¼
1þ 0:15Re0:687; Re 6 1000
0:0183Re; Re > 1000
(
In the regions of the flow where there is a velocity gradient, for
instance near the wall, a lift force, named Saffman, is applied on the
particle. For a spherical particle moving with a constant velocity,
Saffman force can be calculated by the relation of Fan and Zhu [25];
Fs ¼ Kl4
U  Upd2p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
m
@ðU  UpÞ
@y


s
; ð13Þ
where K = 6.46.
One of the important forces in the current work is magnetic
force, named the Lorentz force, due to imposing an external mag-
netic field upon the CI particles. The magnetic field (~B) can be
decomposed into two parts: an external (B0
!
) and induced magnetic
field (~b). The induced magnetic field should be computed. The rea-
son of induced magnetic field is found in Faraday and Bhusawar
laws. The ferromagnetic particles, moving through the flow, sense
a variable magnetic field and become charged. So, this can induce
the magnetic field (~b).
B0
!
should also satisfy these two equations;
r~B0 ¼ 0; ð14Þr2~B0 ¼ 0: ð15Þ
Regarding ~B ¼ ~B0 þ~b, the induced magnetic field equation can
be written as,
@~b
@t
þ ð~UrÞ~b ¼ 1lrr
2~bþ ðð~B0 þ~bÞrÞ~U  ð~UrÞ~B0  @
~B0
@t
: ð16Þ
The current density is
~J ¼ 1
l
r~b; ð17Þ
And the Lorentz force is given by
~F ¼~J ~B; ð18Þ
added to the momentum equation as a source term.Viscosity model and working fluid
As stated earlier, in the presence of a magnetic field, MR fluids
present visco-plastic behavior, as non-newtonian fluids [18].
Visco-plastic fluids have a threshold stress or yield stress (r0).
The threshold determines the stress magnitude that can deform
(or shear) the fluid (r > r0) or cannot deform and remains the fluid
stationary as an elastic body (r < r0). Visco-plastic fluids show
shear-thinning behavior that means a gradual decrement in the
apparent viscosity with increasing shear rate. This behavior is fre-
quently approximated by the so-called Herschel–Bulkley model
[26], written as follows,
ryx ¼ rH0 þmð _cyxÞn jryxj > jrH0 j; ð19Þ
_cyx ¼ 0 jryxj < jrH0 j: ð20Þ
For the apparent viscosity,
g ¼ s0
_c
þ k _c
_cc
 	n1
_c > _cc; ð21Þ
g ¼ s0 ð2
_c= _ccÞ
_cc
þ k ð2 nÞ þ ðn 1Þ _c
_cc

 
_c < _cc: ð22Þ
_cc is critical shear rate corresponding to the yield shear stress (s0), k
is consistency coefficient and n is the flow index. Constants of Her-
schel–Bulkley model versus B for the current medium are found in
Ref. [17]. In this work, MR fluid is a homogenous mixture of 20 vol.%
CI powder, 20 vol.% SiC abrasive powder and 60 vol.% of viscoplastic
base medium (20 wt.% AP3 grease and 80 wt.% paraffin liquid
heavy). In the current medium, CI and SiC particles are ferromag-
netic grains and laden abrasives, respectively.
Modeling of surface roughness changes
A successful model to predict surface roughness variations is
based on the normal indentation force calculation [27]. Abrasive
chain structures, which are formed by CI and SiC particles due to
imposing an external magnetic field, apply normal forces on the
workpiece surface. The normal forces result in particle penetrating
into the surface. The shear forces (or axial forces), applied on the
particles, cut the sharp edge of the surface peaks [9], as well. The
total normal indentation force (Fn) is
Fn ¼ Fm þ Fr; ð23Þ
where Fr and Fm are the radial and magnetic forces, correspond-
ingly. The required assumption for the modeling of surface rough-
ness variations are [28,29]:
(a) all the abrasive particles have the spherical shape with the
same size,
(b) each abrasive particle has only an active cutting edge,
(c) the load on each particle is constant; so they penetrate the
same death.
(d) the friction and erosion of the abrasives are neglected.
The indentation diameter is calculated by [30]
Di ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
D2g  Dg 
2Fn
HBHNpDg
 	2s
; ð24Þ
where Dg and HBHN are, respectively, the abrasive particle diameter
(19 lm) and Brinell hardness number of the workpiece (for steel is
277 kgf/mm2 [27]). Di is the diameter of the formed circle due to
contact of the particle, as a sphere, and workpiece surface, as a
plane. The penetration depth is calculated using the above relation
[30];
Fig. 1. schematic configuration of the current geometry.
Table 1
Ra variation for several grid sizes.
Grid No. Grid size Ra variation
1 6872 8.3123
2 12115 8.4854
3 24321 8.5169
4 48964 8.5175
Table 2
Comparison between the experimental data [7] and current results of the variation of
Ra.
Case
No.
Magnetic
field
strength
(T)
Ra
variation
of Ref. [7]
(percent)
Ra variation
of current
work
(percent)
Difference between results
of the current work and
experimental data [7]
(percent)
S. Kheradmand et al. / Results in Physics 6 (2016) 568–580 571t ¼ Dg
2
 1
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
D2g  D2i
q
: ð25Þ
The cross-sectional area of the penetration portion, A0, is [30]
A0 ¼ D
2
g
4
sin1
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tðDg  tÞ
p
Dg
 ðDg=2 tÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tðDg  tÞ
q
ð26Þ
The initial workpiece profile is assumed to be triangular with
the uniformly distributed roughness of R0a
1. With the assumption
of abrasives moving along the scratch directions, the volume of
material removal from the triangular cap by an abrasive is [27]
Vg ¼ A0 1 R
i
a
R0a
 !
lw ð27Þ
where lw is the total length of the workpiece and R
i
a is the surface
roughness after finishing. The total abrasive particles that pene-
trated into the surface are given by [30];
ns ¼ 2prf Nsls rcrf
 	2
; ð28Þ
where ls is stroke length, rc is radius of the medium cylinder, rf is
radius of the workpiece fixture and Ns is the active abrasives per
workpiece area unit. Furthermore, volumetric material removal
(Mv) is computed as [30];
Mv ¼ ðR
0
a  RiaÞ
2
R0a
l2w; ð29Þ
Because total volumetric material removal equals to volume of
material removal for a single abrasive (Vg) times number of parti-
cles indenting on the surface workpiece, the total volumetric mate-
rial removal is obtained as;
Mv ¼ 2prf Nsls rcrf
 	2 D2g
4
sin1
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tðDg  tÞ
p
Dg
 ðDg=2 tÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tðDg  tÞ
q" #
1 R
i
a
R0a
 !
lw: ð30Þ
By comparing Eqs. (29) and (28) and after simplifying, it can be
found that
Ria ¼ R0a  2prf Ns
ls
lw
 	
rc
rf
 	2 D2g
4
sin1
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tðDg  tÞ
p
Dg
"
ðDg=2 tÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tðDg  tÞ
q i
: ð31Þ
Ra variation is the quantitate representative of the surface rough-
ness changes. The calculation details of Ns and the above constants
are also found in Ref. [31].
Geometry description and boundary conditions
In the current study, the geometry is chosen similar to experi-
mental setup of Ref. [7]. Fig. 1 shows the schematic configuration
of the studied geometry. The geometry consists of two attached
pipes with the same diameter of 18 mm; the first made by alu-
minum, with 50 mm length, and the second, which is the finishing
surface, made by steel with 35 mm length. The pipe can rotate axi-
ally. A uniform velocity and constant pressure (37.5 MPa) are
applied at the inlet. Further, no-slip condition is employed on the
wall, while, the zero axial gradient for all flow variables is imposed
at the outlet. Proper boundary condition is applied for the induced1 0.15 8.33 8.52 2.3
2 0.175 9.30 9.54 2.6
3 0.2 9.49 9.83 3.7
1 The arithmetic average of the absolute values of the profile height deviations from
the mean line.magnetic field (~b) equation. At the inlet and outlet, the magnetic
field is constant in the opposite y direction. The walls are assumed
to be electrically conductive. Thus, Eq. (16) should be solved in the
wall. This gives the induced magnetic field magnitude at the flow
boundary, as the magnetic boundary condition for the flow field.Grid independency and validation
To obtain an optimum grid size which is independent of the
solution, a main parameter of the study should compare for several
grids. In the current study, Ra variation is a crucial parameter to
compute the surface roughness improving which is the final goal
of the study. Thus, Ravariation is computed for various grid sizes
as Table 1 shows.
As obvious from Table 1, the domain with 24321 cells presents a
sufficiently fine grid to ensure a grid-independent solution.
Before validation of numerical simulation, it should be noted
that there are other assumptions, in addition to those in Sec-
tion ‘Modeling of surface roughness changes’. They are
- the base medium is homogeneous.
- the flow is steady, incompressible and laminar.
- the probable erosion and friction of the segregated surface par-
ticles are neglected [13].
Furthermore, this study does not take into account the thermal
effect which might stem from a hyperbolic heat flow due to the
complexity of the system [32]. Besides, the effect of the deforma-
tion of the solid domain on the flow behavior is assumed to be
neglected which is a reasonable assumption [33].
Success of a finishing process is determined by surface rough-
ness changes. Accordingly, in this study, values of Ra variation
are compared with the experimental results of Ref. [7] for various
572 S. Kheradmand et al. / Results in Physics 6 (2016) 568–580B values imposed in transverse direction. Table 2 illustrates the Ra
variation between initial and final surface conditions. The compar-
ison shows 2–4 percent deviation from the experimental data of
Ref. [7]. Although there is a difference, the two sets of results are
in fairly good agreement. Based on this successful validation, the
numerical simulation can be used for the present problem.
Results and discussion
As stated earlier, rotating workpiece may improve the surface
roughness [12,13], due to increasing forces on the workpiece sur-
face. But, this approach needs an electromotor, as an extra energy
consumer. Further, the damage of pipe outer surface due to clamp
contact as well as abrasion of the pipe inlet and outlet due to rota-
tion are the probable deficits of this approach. Alternative remedy
for this problem may be flow rotating at the inlet by stationary
swirler vanes, which can be an energy saving and safe scenario.
In the current study, the improvement of surface roughness and
hydrodynamic parameters, is elevated in both cases of rotating
workpiece and inlet flow rotating.
Investigated parameters
Reynolds number (called Re hereafter) is determined according
to the inlet velocity and internal diameter of the pipe. Flow regime
of the validation work [7], similar to many works in this field, is
laminar. Therefore, Re is chosen such that the flow becomes(a)
(b)
Fig. 2. Stream traces for rotating workpiece at Re = 1000, B = 0.15T and for (a)
S = 0.0125, (b) S = 0.05.
(a)
Fig. 3. Tangential velocity contour for Re = 100laminar. Particles moving may lead to critical Re below 2000 for
internal flows [34]. In this study, Re is assumed to be 500 and
1000 to ensure a laminar flow regime.
The important note to range B is that changing this can vary the
properties of the MR fluid. Thus, this is chosen at 0.15, 0.175 and
0.2T, where the properties of used MR fluid are known, as they
are presented in Ref. [17].
Angular velocity of the pipe rotation or flow rotation at the inlet
is determined using rotation number, S, as defined by S ¼ XRU [35]. X
is the angular velocity (1=s), R is the pipe radius and U is the flow
velocity at the pipe inlet. Because Re, based on the axial velocity,
should be larger than that, based on the tangential velocity, the
rotation number is assumed to be lower than unity. Further, the
low values for S are chosen (S = 0.0125, 0.025 and 0.05), due to
the limited ability of the stationary swirler vanes at the inlet. The
same values of S are chosen for both cases of rotating workpiece
and rotating inlet flow.Rotating of workpiece
In this section, the flow in the rotating pipe is simulated. Some
important hydrodynamic parameters, such as tangential velocity,
vorticity magnitude and helicity are investigated. Fig. 2 shows
the stream traces for two various rotating numbers. The traces of
the flow parcels and probable contact of the particles on the sur-
face can be found.
One of the main parameters for rotating finishing systems is the
tangential velocity, which determines the radial force upon the
surface. Tangential velocity contour for Re = 1000, S = 0.05,
B = 0.15T and 0.2T is shown in Fig. 2. As this figure shows, B
negligibly affects the tangential velocity contour.
The volume average integration (1V
R
Vi
/idVi) of tangential veloc-
ity is illustrated in Fig. 3. B has a minute effect on the value that
confirms the results in Fig. 3. This effect is somewhat raised at
higher S. As Fig. 4 illustrates, S dominates the volume average inte-
gration of tangential velocity. The values at Re = 1000 are two
times larger than those of Re = 500, due to twice increasing the
axial inlet velocity (U).
Vorticity magnitude not only shows the flow changes, but also
can be an important parameter to cut surface high peaks [9]. The
surface average integration (1A
R
Ai
/idAi) of vorticity magnitude on
the finishing surface is depicted in Fig. 5. By increasing B, the val-
ues are intensified. An increase of 15 percent in B, from 0.15T to
0.175T, leads to an increment of about 15 and 19 percent in values
of studied parameter for Re = 500 and Re = 1000, respectively. The
reason of slight difference between the values of B = 0.175T and(b)
0, S = 0.05: (a) B = 0.15T and (b) B = 0.2T.
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Fig. 4. Volume average integration of tangential velocity: (a) Re = 500 and (b) Re = 1000.
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Fig. 5. Surface average integration of vorticity magnitude: (a) Re = 500 and (b) Re = 1000.
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Fig. 6. Volume average integration of vorticity magnitude: (a) Re = 500 and (b) Re = 1000.
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574 S. Kheradmand et al. / Results in Physics 6 (2016) 568–580B = 0.2T, repeated for various parameters in this study, is a very low
change in non-newtonian fluid properties between two preceding
B values [17]. This results in a slight change in the connection of
abrasive and ferromagnetic particles in the abrasive chain struc-
tures [9]. S does not affect the values, while Re causes an increase
about 100 percent. The reason for increasing surface average inte-
gration of vorticity by increasing Re is an increase in the velocity in
the same direction, which intensifies the curl of the velocity vector.
Although the surface average integration of vorticity magnitude
is increased by increasing B, the volume average integration of vor-
ticity magnitude is decreased, as Fig. 6 shows. This is due to
increasing the flow volume with low vorticity magnitude in the
pipe center by increasing B. By raising B from 0 to 0.15T, the values
decrease about 5 and 7 percent for Re = 500 and 1000, respectively.
S has no effect and minor effect on the values, respectively for zero
and non-zero B values.
One of the important parameters to describe the flow hydrody-
namics is helicity, which is widely considered in internal complex
fluid flows, as the measure of fluid dynamical quantity [36]. This is
defined as,(a)
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Fig. 8. Volume average integration of the angle between voHelicity ¼ V ðr  VÞ: ð32Þ
In addition to the velocity and vorticity magnitude, this param-
eter comprises the angle between them. Fig. 7 portrays the volume
average integration of helicity. By doubly increasing Re, the value is
raised four times. Further, S affects the volume average integration
of helicity as much as influences the volume average integration of
vorticity. B has too slight effect on the value, such that there is no
obvious difference. In other words, the combined variations of the
parameters in helicity, i.e. vorticity and the angle between the vor-
ticity and velocity (W), are canceled out by changing B. Accordingly,
as Fig. 6 illustrates, due to mitigating the volume average integra-
tion of vorticity by increasing B, it is expected that the volume
average integration of W is increased. Fig. 8 shows that this expec-
tation is right.
Finally, Ra, as the most important parameter in this study, is
presented in Fig. 9. By increasing S from 0.0125 to 0.05, there is
an increment of 10 and 12 percent in Ra for B = 0 and 0.2T, respec-
tively. Further, increasing B from 0 to 0.2T can improve the surface
roughness up to 60 percent in all S values, which confirms the(b)
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rticity and velocity (W): (a) Re = 500 and (b) Re = 1000.
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to 3 percent, where the larger value is for larger S.Rotating inlet flow
It is shown that rotating workpiece aids to finishing improve-
ment. However, as stated earlier, there are some deficits in this
approach. Thus, rotating inlet flow is suggested here as a novel
alternative. This can be an energy-saving approach, because of
canceling out electromotor energy consumption to rotate work-
piece and replace that with the stationary swirler vanes. The
roughness improvement and hydrodynamic governing parameters
are studied.
Tangential velocity contour is depicted in Fig. 10. After entrance
length, the values of tangential velocity are too smaller than the
rotating workpiece, such that this approaches zero in the vicinity
of the outlet. The maximum tangential velocity is the same as
the case of rotating workpiece, but, this is found at the entrance
length. Therefore, the entrance length may present an appropriate
finishing, especially for the short length workpiece, as this is con-
sidered in Section ‘The entrance length for the case of rotating inlet
flow’. B has no considerable change on the tangential velocity(a)
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Fig. 9. Ra variations for various B and S va
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Fig. 10. Tangential velocity contour for Re = 10contour. Further, it is found to have no trend in volume and surface
average integration of tangential velocity to present.
The average integration of the vorticity on the finishing surface
is depicted in Fig. 11. The current values present a minor deviation
from the values of the rotating workpiece case (about 1 percent),
except at B = 0 and Re = 1000 that there is about 6 percent devia-
tion. There is a small increment in the value by increasing B from
0.175T to 0.2T, as the reason is mentioned earlier.
Similar to the rotating workpiece case, the vorticity average val-
ues of volume integration show the inverse trend compared to
those of surface integration, as Fig. 12 illustrates. With raising B
from 0 to 0.15T, the value enlarges about 7 percent, and by inten-
sifying B from 0.15T to 0.2T, the value increases about 3 percent for
both Re values. The presented values, similar to values of Fig. 11,
are independent of S.
Volume average integration of helicity in the finishing pipe is
presented in Fig. 13. The values are too smaller than those of rotat-
ing workpiece case and they are so sensitive to B, contrary to the
case of rotating workpiece. By increasing B and S, the values are
increased. The dependency on S is highlighted at higher Re, except
for the case of zero value of B. The value at zero B is about half of
that at strength of B = 0.15T. Increasing Re from 500 to 1000 causes
a growth of 300 percent. Again, the value difference between B(b)
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Fig. 11. Surface average integration of vorticity magnitude: (a) Re = 500 and (b) Re = 1000.
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Fig. 12. Volume average integration of vorticity magnitude: (a) Re = 500 and (b) Re = 1000.
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0.175T.
Due to slight differences in the volume average integration of
vorticity between the cases of rotating workpiece and rotating inlet
flow, the low values of volume average integration of helicity are
related to W. As expected, Fig. 14 shows that the volume average
integration ofW is very low and is too lower than that of the rotat-
ing workpiece case. By increasing Re, the studied value increases
about 100 percent. The effect of S is raised at higher B. In Fig. 14,
the difference between values of B = 0.175T and 0.2T is not slight.
This shows that W is more affected by magnetic field than the
non-newtonian properties in this case. Paying attention to the vari-
ation of volume average integration of helicity, vorticity andW ver-
sus B changes, it is inferred that variations of W dominate changes
of helicity, because volume average integration of helicity and W
increases and that of vorticity decreases.
Ra variation for various Re, S and B values are presented in
Fig. 15. Investigation of this variation is the main objective of the
current work. Increasing S and B play a positive role in raising
Ra. By increasing B from 0 to 0.2T, the finishing improvementintensified about 80 percent. Increasing S from 0 to 0.05 for non-
zero B values causes an increment of 7 percent in both Re values.
This increment for B = 0 is 13 and 10 percent, respectively. Increas-
ing Re leads to an increase of about 4 and 10 percent, respectively
for non-zero and zero B values.
Ra variations in this case are smaller than the case of rotating
workpiece. The decrement is about 40 percent for zero and 20 per-
cent for non-zero magnetic field at Re = 500. This decrement for
Re = 1000 is between 32 to 35 for zero and 20 to 23 percent for
non-zero B values. The higher mentioned decrement belongs to
higher S, which means that the decrement increases with raising S.The entrance length for the case of rotating inlet flow
Although a rotating flow at the inlet using stationary swirler
vanes is so energy-saving, easier and safer, the finishing improve-
ment is about 20 to 40 percent lower than that of rotating work-
piece. The contours of rotating inlet flow case, however, show
that the tangential velocity, as a main parameter of finishing, is
high in this zone. This makes a novel idea that the entrance zone
(a) (b)
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Fig. 13. Volume average integration of helicity: (a) Re = 500 and (b) Re = 1000.
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Fig. 14. Volume average integration of W: (a) Re = 500 and (b) Re = 1000.
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Fig. 15. Ra variations for various B and S values: (a) Re = 500 and (b) Re = 1000.
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Fig. 16. Schematic of finishing of rotating flow at the entrance length.
578 S. Kheradmand et al. / Results in Physics 6 (2016) 568–580can finish as good as rotating workpiece case, especially for the
short workpiece, such as rings and bolts. In this section, the param-
eters and finishing improvement are studied for the entrance
length of rotating inlet flow. Fig. 16 shows a schematic of this
new finishing approach.
The volume average integration of the tangential velocity is
described in Fig. 17. The trend is similar to the case of rotating(a)
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Fig. 17. Volume average integration of tangent
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Fig. 18. Volume average integration of heworkpiece, but there is a slight decrement of about 3 to 6 percent.
The dependency of the values to B is very low. Re and S affect the
values. In comparison with the rotating workpiece, Re remains
the same effect, while the increasing effect of S is smaller; by
increasing S from 0.0125 to 0.05, the values raise 3.9 times, while
this is about 4 times for the rotating workpiece case.
It is shown earlier that the volume and surface average integra-
tion of vorticity of rotating inlet flow has a negligible difference
with rotating workpiece. Thus, this is not computed again for the
entrance zone, because this definitely has similar values.
Volume average integration of helicity and W are shown in
Figs. 18 and 19. The trend is similar to the rotating workpiece,
however, there is a minor decrement. For helicity values, there is
a decrement about 4 percent and 5 to 6 percent at Re = 500 and
1000, respectively. For W, this decrement is 8 to 9 percent, which
is higher at higher Re. An increase of 4 times in S results in an incre-
ment of 300 percent in helicity values. Further, increasing Re from
500 to 1000 causes an increase of 4 times in this parameter. The
reason for this large increment is mainly the variation of velocity
and vorticity values by S. Fig. 19 shows that increasing the values(b)
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Fig. 19. Volume average integration of the angle between vorticity and velocity (W): (a) Re = 500 and (b) Re = 1000.
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Fig. 20. Ra variations for various B and S values: (a) Re = 500 and (b) Re = 1000.
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the values are not a function of non-newtonian fluid properties.
Surface roughness improvement is illustrated in Fig. 20. Ra is
increased linearly by increasing B. Ra is also raised linearly by
increasing S. Slight decrement for Ra has near values in comparison
with the case of rotating workpiece.Conclusion
In the current work, rotating inlet flow of a magnetorheological
fluid, using stationary swirler vanes, under imposing a magnetic
field is investigated as a new finishing process, with lower energy
consumption and higher safety in comparison with the previous
process of rotating workpiece. Ra, as the quantitative representa-
tive of roughness improvement, and some hydrodynamic parame-
ters to study the flow changes, are numerically investigated. It is
also shown that CFD can predict the changes of surface roughness
precisely, swiftly and inexpensively in comparison with experi-
ments. Based on the present study, the following results are
obtained.- Average integration of vorticity magnitude in the case of rotat-
ing inlet flow and rotating workpiece has a slight difference; the
integration on surface is decreased by increasing magnetic field,
while the integration on volume is increased. Although the
magnetic field affects the average integration of vorticity val-
ues, rotation number does not.
- Average integration of helicity in the case of rotating inlet is too
lower than that of rotating workpiece. In the entrance length of
rotating workpiece, this is, however, near the values of rotating
workpiece by the difference of maximum 6 percent. The values
of current discussed parameter are dependent on rotation
number. They are also dependent on magnetic field strength
in the case of rotating inlet flow, while they present no visible
dependency on magnetic field in the case of rotating
workpiece.
- Increasing magnetic field strength and rotation number remain
an aiding effect on Ra. For the case of rotating inlet flow, by
increasing the magnetic field strength from 0 to 0.15T, Ra is
increased about 80 percent. By intensifying the rotation number
from 0 to 0.05, Ra increment is 7 percent.
580 S. Kheradmand et al. / Results in Physics 6 (2016) 568–580- Rotating inlet flow can improve surface roughness, but Ra is
lower in comparison with the case of rotating workpiece about
20 to 23 percent. However, the entrance length of the rotating
inlet flow provides Ra changes very near to the case of rotating
workpiece, which confirms that the short length workpiece can
finish inexpensively and safely in the entrance zone, compared
with the case of rotating workpiece.References
[1] Jain VK. Advanced machining processes. New Delhi: Allied; 2005.
[2] Rhoades L. Abrasive flow machining: a case study. J Mater Process Technol
1991;28(1–2):107–16.
[3] Jacobs SD, Golini D, Hsu Y, Puchebner BE, Strafford D, Prokhorov IV, et al.
Magnetorheological finishing: a deterministic process for optics
manufacturing. In: International conferences on optical fabrication and
testing and applications of optical holography. International Society for
Optics and Photonics; 1995.
[4] Rabinow J. The magnetic fluid clutch. Am Inst Electr Eng 1948;67(2):1308–15.
[5] Phulé PP. Synthesis of novel magnetorheological fluids. MRS Bull 1998;23
(08):23–5.
[6] Singh S, Shan HS, Kumar P. Wear behavior of materials in magnetically assisted
abrasive flow machining. J Mater Process Technol 2002;128(1):155–61.
[7] Jha S, Jain VK. Design and development of the magnetorheological abrasive
flow finishing (MRAFF) process. Int J Mach Tools Manuf 2004;44(10):1019–29.
[8] Genc S, Phulé PP. Rheological properties of magnetorheological fluids. Smart
Mater Struct 2002;11(1):140.
[9] Jha S, Jain VK. Modeling and simulation of surface roughness in
magnetorheological abrasive flow finishing (MRAFF) process. Wear 2006;261
(7):856–66.
[10] Wani AM, Yadava V, Khatri A. Simulation for the prediction of surface
roughness in magnetic abrasive flow finishing (MAFF). J Mater Process Technol
2007;190(1):282–90.
[11] Seok J, Kim YJ, Jang KI, Min BK, Lee SJ. A study on the fabrication of curved
surfaces using magnetorheological fluid finishing. Int J Mach Tools Manuf
2007;47(14):2077–90.
[12] Sankar M, Jain VK, Ramkumar J. Rotational abrasive flow finishing (R-AFF)
process and its effects on finished surface topography. Int J Mach Tools Manuf
2010;50(7):637–50.
[13] Das M, Jain VK, Ghoshdastidar PS. Nanofinishing of flat workpieces using
rotational-magnetorheological abrasive flow finishing (R-MRAFF) process. Int J
Adv Manuf Technol 2012;62(1-4):405–20.
[14] Das M, Jain VK, Ghoshdastidar PS. A 2D CFD simulation of MR polishing
medium in magnetic field-assisted finishing process using electromagnet. Int J
Adv Manuf Technol 2015;76(1–4):173–87.[15] Satish K, Jain VK, Sidpara A. Nanofinishing of freeform surfaces (knee joint
implant) by rotational-magnetorheological abrasive flow finishing (R-MRAFF)
process. Precis Eng 2015;42:165–78.
[16] Zeng X, Ji S, Jin M, Tan D, Ge J. Research on dynamic characteristic of softness
consolidation abrasives in machining process. Int J Adv Manuf Technol
2016;82(5–8):1115–25.
[17] Jha S, Jain VK. Rheological characterization of magnetorheological polishing
fluid for MRAFF. Int J Adv Manuf Technol 2009;42(7–8):656–68.
[18] Ajay S, Das M, Jain VK. Rheological characterization of magnetorheological
finishing fluid. Mater Manuf Processes 2009;24(12):1467–78.
[19] Takabi B, Shokouhmand H. Effects of Al2O3–Cu/water hybrid nanofluid on heat
transfer and flow characteristics in turbulent regime. Int J Mod Phys C 2015;26
(4):1550047.
[20] Akbari OA, Toghraie D, Karimipour A. Impact of ribs on flow parameters and
laminar heat transfer of water–aluminum oxide nanofluid with different
nanoparticle volume fractions in a three-dimensional rectangular
microchannel. Adv Mech Eng 2015;7(11). 1687814015618155.
[21] Takabi B, Salehi S. Augmentation of the heat transfer performance of a
sinusoidal corrugated enclosure by employing hybrid nanofluid. Adv Mech Eng
2014;6:147059.
[22] Manninen M, Taivassalo V, Kallio S. On the mixture model for multiphase
flow. Finland: Technical editing Leena Ukskoski; 1996. p. 3–67.
[23] Schlichting H. Boundary-layer theory. 8th ed. Springer; 2000.
[24] Schiller L, Naumann Z. A drag coefficient correlation. Vdi Ztg 1935;77:318–20.
[25] Fan LS, Zhu C. Principles of gas–solid flows. Cambridge University Press; 2005.
[26] Chhabra RP. Non-Newtonian fluids: an introduction. In: Rheology of complex
fluids. New York: Springer; 2010. p. 3–34.
[27] Callister WD, Rethwisch DG. Materials science and engineering: an
introduction, vol. 7. New York: Wiley; 2007.
[28] Shaw MC. A new theory of grinding. In: Proc. of the Institution’s Conference on
Production Science in Industry. p. 73–8. Melbourne.
[29] Malkin S. Theory and applications of machining with abrasives. New
York: Wiley; 1989.
[30] Jain RK, Jain VK, Dixit PM. Modeling of material removal and surface roughness
in abrasive flow machining process. Int J Mach Tools Manuf 1999;39
(12):1903–23.
[31] Das M, Jain VK, Ghoshdastidar PS. Fluid flow analysis of magnetorheological
abrasive flow finishing (MRAFF) process. Int J Mach Tools Manuf 2008;48
(3):415–26.
[32] Sheen HJ, Chen WJ, Wu JS. Flow patterns for an annular flow over an
axisymmetric sudden expansion. J Fluid Mech 1997;350:177–88.
[33] Gheitaghy AM, Takabi B, Alizadeh M. Modeling of laser irradiation in the
cornea tissue based on hyperbolic and parabolic heat equation with electrical
simulation method. Int J Mod Phys C 2014;25(9).
[34] Takabi B. Thermomechanical transient analysis of a thick-hollow FGM
cylinder. Eng Solid Mech 2016;4:25–32.
[35] Hanzhuang L, Maxworthy T. An experimental investigation of swirling jets. J
Fluid Mech 2005;525:115–59.
[36] Moffatt HK, Tsinober A. Helicity in laminar and turbulent flow. Annu Rev Fluid
Mech 1992;24(1):281–312.
